The role of negative ions on the charging of dust grains in a plasma is examined. Two models for negative ion distributions are considered. These are streaming negative ions and Boltzmannian negative ions. It is found that the effects of the negative ion number density, negative ion charge, and negative ion streaming speed significantly affect the dust grain surface potential or the dust grain charge.
A number of theoretical and experimental investigations have carried out for understanding the charging of dust grains in a plasma under different conditions. [7] [8] [9] [10] Barkan et al. 9 investigated the charging of dust grains in a plasma containing Maxwellian electrons and ions, and by considering the electron and ion collection currents. They theoretically calculated the dust grain surface potential by the condition of zero net current, and also conducted a laboratory experiment to verify their theoretical results. Similarly, Walch et al. 10 investigated the charging of dust grains in a plasma whose constituents are Maxwellian electrons and ions as well as energetic electrons. They also verified their theoretical results in their laboratory experiments. 10 Recently, negative ions are found to be an extra component ͑which may occur naturally or may be injected form external sources͒ in most space and laboratory plasmas. [11] [12] [13] [14] [15] Understanding the role of negative ions on plasma properties is very important for the potential control of an electrode in etching and deposition plasmas, 11, 12 the extraction electrode of negative ion source, [11] [12] [13] [14] the formation of voids, 15 etc. In this Brief Communication, we theoretically study the effects of negative ions on the charging of dust grains in a plasma composed of Boltzmannian electrons, positive ions and streaming or Boltzmannian negative ions. We find that the effects of the negative ion number density, negative ion charge, and negative ion streaming speed can significantly affect the dust grain surface potential or the dust grain charge.
We consider a dust grain of radius r d immersed in our multi-component plasma. The electron and ion currents flowing onto the dust grain surface are given by 
͑2͒
where Ϫe (Z i e) is the electronic ͑ionic͒ charge, n e (n i ) is the electron ͑ion͒ number density, m e (m i ) is the electron ͑ion͒ mass, T e (T i ) is the electron ͑ion͒ temperature, k B is the Boltzmann constant, and d is dust grain surface potential relative to the plasma potential.
We assume that the negative ion streaming speed v 0 is much larger than the negative ion thermal speed. Thus, the negative ion current I n can be approximated as
where ϪZ n e is the negative ionic charge, n n is the negative ion number density, and m n is the negative ion mass. 
, and m n is the mass of the negative ions. Equation ͑4͒ gives the variation of the dust grain surface potential U ͑measured relative to the plasma potential͒ with the parameter P including the effect of negative ion streaming. To find its numerical solution for U( P) ͑which is multi-valued͒, is more complicated and tedious. However, one can easily solve it for P(U) and can obtain the U vs P curves by choosing a range of all possible values of U.
We numerically solve Eq. ͑4͒ and display the variation of U against P for some typical plasma parameters that are representative of low-temperature laboratory discharges: 11, 15 Z i ϭ1, ␤ϭ1 ͑the positive and negative ions being O 2 ϩ and O 2 Ϫ ), ϭ0.1Ϫ1, ␣ϭ0Ϫ0.8, Z n ϭ1, Z n ϭ2, and U 0 ϭ0.1 Ϫ1. The results are presented in Figs. 1-3 . Figure 1 shows how the behavior of the U vs P curves are modified by the presence of negative ions. It indicates that when no negative ion is present ͑i.e., ␣ϭ0), our result (U vs P curve͒ is in excellent agreement with the measurements of Barkan et al. 9 However, for ␣Ͼ0.1 the behavior of the U vs P curves is modified significantly. Figure 2 shows how the behavior of the U vs P curves are modified by the negative ion charge. Figures 1 and 2 show for a typical plasma parameter regime that the increase in the negative ion number density or the negative ion charge ͑which means a significant reduction of electrons because of the quasineutrality condition͒ decreases the value of the dust grain surface potential. Figure 3 shows how the behavior of the U vs P curves are modified by the streaming speed of negative ions. It shows for a typical plasma parameter regime that as we increase the negative ion streaming speed, the value of the dust grain surface potential increases. The effect of the ion temperature () on the U vs P curves has been found to be insignificant.
We have discussed up to now the modification of the U vs P curves when negative ions are streaming. In the following, we study the behavior of the U vs P curves when the negative ions are Boltzmannian. The current I n associated with Boltzmannian negative ions is 11, 12 
where T n is the negative ion temperature. As before, using the relations d ϭq d /r d , I e ϩI i ϩI n ϭ0, and n e ϪZ i n i ϩZ n n n Ϫq d n d /eϭ0, we have 
where ␥ϭT n /T e . We numerically analyze Eq. ͑6͒ for the same plasma parameters as before 11, 15 ͑viz. Z i ϭ1, ␤ϭ1, ϭ0.1Ϫ1, ␣ϭ0.1Ϫ0.8, Z n ϭ1, Z n ϭ2, and ␥ϭ0.1Ϫ1), and find that for a fixed nonzero ␣, the negative ion charge has no significant effect on the behavior of the U vs P curves. This is because the electrons and negative ions follow the same ͑Boltzmann͒ distribution and satisfy the quasineutrality condition. The negative ion temperature is also found to have an insignificant effect on the behavior of the U vs P curve. However, the U vs P curve is significantly modified when ␣ is increased. The modification of the U vs P curves due to the increase in the negative ion number density is shown in Fig. 4 . We have found here that the increase in the negative ion number density ͑which means a significant reduction of electrons because of the quasi-neutrality condition͒ decreases the magnitude of the dust grain surface potential (͉ d ͉).
To summarize, we have examined the effects of streaming negative ions as well as Boltzmannian negative ions on the charging of a dust grain in a plasma. It has been found that in the presence of negative ions ͑viz. ␣ 0) the behavior of the U vs P curve is modified significantly. It has also been shown that ͑i͒ the increase in the negative ion number density or the negative ion charge decreases the magnitude of the dust grain surface potential (͉ d ͉), ͑ii͒ the increase in the negative ion streaming speed increases ͉ d ͉, and ͑iii͒ the increase in the Boltzmannian negative ion number density decreases ͉ d ͉. The effect of the negative ion streaming is found to give rise some new features of the U vs P curves. We, therefore, propose that laboratory experiments should be performed for measuring the dust charge in plasmas containing negative ions. The latter are supposed to play a very important role in processing plasmas ͑e.g., Ref. 15͒, and knowledge of dust charge is a necessary perquisite for understanding the salient features of strongly coupled dusty plasma systems.
